The quantum Zeno effect of a single system is the effect of a series of measurements on the unitary time evolution of the system and on the ability to monitor this time evolution using the measurement results. This effect is shown to be equivalent to that of the indetermination of the quantum state of a single system ͓Phys. Rev. Lett. 74, 4106 ͑1995͔͒, in which one considers the statistics of the results of a series of measurements performed on a single system, with no time evolution in between successive measurements.
The quantum Zeno effect, which was introduced by Misra and Sudarshan ͓͑1͔, and see also ͓2,3͔͒, is the effect of a series of quantum measurements, which induce reduction, on the unitary quantum time evolution. This effect is manifested in two types of ͑thought͒ experiments. In the first type, the same series of measurements is performed on each system in an ensemble of systems, all of which are prepared initially in the same pure state. This type of experiment corresponds to the quantum Zeno effect of an ensemble, in which one considers the changes in the unitary time evolution of an ensemble of identical systems due to a series of measurements. These changes were shown to be indistinguishable from those due to dephasing ͑see, e.g., ͓4-7͔͒, i.e., the predictions of quantum mechanics regarding the changes in the time evolution of the ensemble due to the series of measurements are independent of the measurement results. Therefore it was also suggested that the quantum Zeno effect is a dynamical effect rather than a quantum measurement effect ͑see, e.g., ͓8-10͔͒.
In this Rapid Communication we consider the second type of ͑thought͒ experiments, in which the same series of measurements is performed on each system in an ensemble of systems, all of which are initially in the same pure state, where after each measurement the measured system is retained only if the measurement result equals the result that is obtained by the first system to be measured; otherwise the system is discarded. After each measurement, one is left with the subensemble of systems, which is defined not only by the initial pure state but also by the series of results obtained in the series of measurements. This type of experiment corresponds to the quantum Zeno effect of a single system, in which one considers the following two questions: How would the unitary time evolution of a single quantum system change due to a series of quantum measurements? What information about the unitary time evolution of the single system could be obtained from the series of measurement results? We show that, in the frame of reference that evolves in time with the system, these questions regard the indetermination of the unknown quantum state of a single system ͓11-13͔: How would the initial quantum state of a single system change due to a series of measurements? What information about the initial quantum state of the single system could be obtained from the series of measurement results? It was already suggested that unlike the ensemble effect, the quantum Zeno effect of a single system cannot be thought of as a dephasing effect ͑see, e.g., ͓14,15͔͒. We show that the quantum Zeno effect of a single system and the indetermination of the quantum state of a single system are two different descriptions, in the Schrödinger and the Heisenberg pictures, respectively, of the same phenomenon. Since the indetermination of the quantum state of a single system is due to the reduction induced by the measurement process, we suggest that the quantum Zeno effect of a single system is more than a dephasing effect, i.e., it is truly a measurement effect.
The following example of a two-level atom and a singlephoton mode in a cavity illustrates the relation between the quantum Zeno effect of a single system and the indetermination of the unknown state of this system. The two-level atom is described by its excited state ͉e͘, its ground state ͉g͘, and the energy separation between them, ប. The single-photon mode is described by the single-photon state ͉1͘, the vacuum state ͉0͘, and the photon energy ប. On resonance, ϭ, with the rotating-wave approximation, where the energy of the state ͉e͉͘0͘ is taken as the zero-energy point, the JaynesCummings Hamiltonian of the two-level atom and the single-photon mode in the cavity is Ĥ ϭបg x , where បg is the strength of the interaction between the atom and the photon mode, and where
are the identity operator and the fictitious spin components in the space ͕͉e͉͘0͘,͉g͉͘1͖͘, respectively. At tϭ0 the atomphoton system is in the pure state
The free time evolution of the atom-photon system is determined by the unitary operator Û (t)ϭcos(gt)ÎϪisin(gt) x , where ͉(t)͘ϭÛ (t)͉(0)͘. One manifestation of this deterministic unitary time evolution is the oscillation of the photon number in the cavity, with the Rabi frequency ⍀ R ϭ2g, 
where n c ϭ͉g͉͘1͗͘g͉͗1͉. As is well known, a record of the oscillations of the photon number in the cavity, if available, would indicate the strength of the atom-photon interaction.
We would like to emphasize that a record of ͗(t)͉n c ͉(t)͘ would also indicate the initial state of the atom-photon system: sin() would determine ͓0,͔ and sin() would determine ͓0, 2͔ up to a twofold degeneracy, and Ϫ. Therefore, one could determine the initial atom-photon state up to a twofold degeneracy.
In the fictitious spin space, the Hamiltonian of the atomphoton system, Ĥ ϭϪ⍀ ជ R •(ប ជ /2) with ⍀ ជ R ϭϪ2ge ជ x , where e ជ x is a unit vector in the x ជ direction, corresponds to the precession of the fictitious spin of the system in the reference
, where ជ (0) ϭ2 (0)ϪÎ and where (0)ϭ͉(0)͗͘(0)͉ is the initial density operator. As the fictitious spin precesses, its projection onto the z ជ axis oscillates. These are the Rabi oscillations of the energy of the system between the atom and the photon mode. In the frame of reference that rotates with the fictitious
and z ជ Јϭz ជ cos(⍀ R t)ϩy ជ sin(⍀ R t), the spin always points in its initial direction, but the y ជ and z ជ axes precess in time. The time evolution of the photon number in the cavity is now a record of the projection of the fixed spin onto the time precessing axis z ជ ϭz ជ Јcos(⍀ R t)Ϫy ជ Јsin(⍀ R t). In order to determine the initial direction of the fictitious spin one needs to know its projections along the x ជ , y ជ , and z ជ axes; i.e., one needs to measure x , y , and z . Indeed, the process of free precession in time interrupted by repeated measurements of z appears in the rotating frame of reference as a series of measurements of the time-varying observable z ϭ z Јcos(⍀ R t)Ϫ y Јsin(⍀ R t). These measurements provide information about the projection of the fictitious spin in the ͕y ជ ,z ជ ͖ plane only, from which one could determine the initial direction of the spin up to a twofold degeneracy due to mirror symmetry about the ͕y ជ ,z ជ ͖ plane.
Assume now that one was trying to obtain a record of the unitary time evolution of the atom-photon system, from which the initial state of the system may be deduced, using a series of back-action evading ͑BAE͒ measurements of the photon number in the cavity ͓16͔. Each time a measurement is performed, the atom-photon state is correlated in an optical Kerr medium in the cavity to a squeezed probe state ͉␣,r͘ p , with the excitation ͉␣͉ 2 and the squeezing parameter r. This process is described by the unitary operator Û (n c )ϭexp(in c n p ), where n c and n p are the photonnumber operators of the cavity mode and the probe, respectively, and is the coupling strength. The second-quadrature amplitude of the probe, â 2,p , is measured precisely; and if the initial phase of the probe is zero, and the coupling is weak, Ӷ1, then the measurement result ␣ 2 gives the inferred photon number ñХ␣ 2 /(͉␣͉) with the inference error ⌬ 2 ϭe Ϫ2r /(2͉␣͉) 2 . The probability-amplitude operator ͓7͔ that describes this measurement process is
where it is assumed, without loss of generality, that exp(Ϯi␣ 2 )ϭ1. Note that this is a general form for all photon-number BAE measurements, for which ñ and ⌬ are the measurement result and error, respectively. The state of the atom-photon system after the measurement is
is the atom-photon state before the measurement and P(ñ )ϭ͉Y 11 (ñ )͉ 2 11 ϩ͉Y 22 (ñ )͉ 2 22 is the probability of obtaining the measurement result ñ.
The effect of the measurement on an ensemble of systems, which is independent of the measurement results, is to reduce the coherences, i.e., the off-diagonal elements, of the ensemble density operator and therefore it appears to be similar to the effect of dephasing,
This is why quantum dephasing is considered to be a consequence of a measurement process, where the corresponding measurement result cannot be recorded. Indeed, the quantum Zeno effect of an ensemble, the effect of a series of measurements on the time evolution of an ensemble of systems, was shown to be indistinguishable from the effect of dephasing ͑see, e.g., ͓4-7͔͒. So is the case in our example, where the series of photon-number measurements introduce dephasing of the unitary photon-number oscillations. When the measurements are imprecise, ⌬Ͼ1, their disturbance of the coherence between the atom and the photon mode is small and the photon-number oscillations are underdamped ͓Fig. 1͑a͔͒, and when the measurements are precise, ⌬Ͻ1, the photonnumber oscillations are overdamped ͓Fig. 2͑a͔͒. Yet, the time dependence of the ensemble average of the results of the photon-number measurements, i.e., the time evolution of the expectation value of the cavity photon number, would allow determination of the initial state of the identical atom-photon systems, even though it includes the damping that is induced by the series of measurements. Also, the unitary time evolution of the photon number, i.e., the Rabi frequency of the photon-number oscillations, can be determined from the results of a series of photon-number measurements performed on an ensemble of atom-photon systems.
The results of a series of photon-number BAE measurements performed on a single atom-photon system, however, can be used to determine neither the unitary time evolution of the photon number in the cavity, nor the initial state of the single system ͓Figs. 1͑b͒ and 2͑b͔͒. This is because, in the process of the quantum measurement, the state of the single system is changed according to the measurement result. Each of the results of a series of measurements performed on a single system depends statistically on all of the previous measurement results, regardless of the precision of the measurements. Due to their statistical dependence, these results cannot determine the initial quantum state of the single system fully ͓11,12͔, and in our example they also cannot determine the unitary time evolution of the single system.
In this example, knowledge of the initial state of the single atom-photon system corresponds to knowledge of the unitary time evolution of this system. A series of measurements, which is designed to obtain the unitary time evolution of the single system, would have the same effect on the system as a series of measurements that is designed to obtain the initial quantum state of this system in the absence of unitary time evolution.
Recently we showed that the quantum state that describes a single system cannot be determined from the results of a series of measurements performed on the single system ͓͑11,12͔ and see also ͓13͔͒. Let us now show that this effect of the indetermination of the unknown quantum state of a single system is equivalent to the quantum Zeno effect of a single system. Consider a series of n measurements of the observable q performed on a single quantum system during its unitary time evolution in the time interval t͓0,T͔. The initial state of the system is described by the density operator 0 , and the deterministic time evolution of the system in between the (kϪ1)th and the kth measurements at
